The Escherichia colifnr gene product, FNR, is a DNA binding protein that regulates a large family of genes involved in cellular respiration and carbon metabolism during conditions of anaerobic cell growth. FNR is believed to contain a redox/02-sensitive element for detecting the anaerobic state. To investigate this process, a fir mutant that encodes an altered FNR protein with three amino acid substitutions in the N-terminal domain was constructed by site-directed mutagenesis. In vivo, the mutant behaved like a wild-type strain under anaerobic conditions but had a 14-fold elevated level of transcriptional activation of a reporter gene during aerobic cell growth. The 
a redox/02-sensitive element for detecting the anaerobic state. To investigate this process, a fir mutant that encodes an altered FNR protein with three amino acid substitutions in the N-terminal domain was constructed by site-directed mutagenesis. In vivo, the mutant behaved like a wild-type strain under anaerobic conditions but had a 14-fold elevated level of transcriptional activation of a reporter gene during aerobic cell growth. The alteredfnr gene was overexpressed in E. coli and the resultant FNR protein was purified to near homogeneity by using anaerobic chromatography procedures. An in vitro Rsa I restriction site protection assay was developed that allowed for the assessment of oxygen-dependent DNA binding of the mutant FNR protein. The (-5 min) led to the complete loss of DNA protection at a consensus FNR recognition site. A model whereby the FNR protein exists in the cell as a monomer that assembles on the DNA under anaerobic conditions to form a dimer is discussed.
The Escherichia colifnr gene product, FNR, is a global transcriptional regulator that under anaerobic conditions, activates the expression of a number of anaerobic electron transport-related genes, including nitrate reductase (narGHJI), fumarate reductase (frdABCD), trimethylamine-N-oxide/dimethyl sulfoxide reductase (dmsABC), nitrite reductase (nirB), nitrite export (narK), and formate dehydrogenase (fdnGHI) (1) . FNR can also repress the expression of genes associated with the aerobic electron transport pathways including cytochrome o oxidase (cyoABCDE), cytochrome d oxidase (cydAB), glutamyl-tRNA dehydrogenase for 6-aminolevulinate biosynthesis (hemA), and soluble NADH dehydrogenase (ndh) (1) (2) (3) (4) . FNR is believed to contain a redox/ 02-sensitive domain that senses the anaerobic state and converts the protein into an active conformation for DNA binding (5, 6) . The molecular identity of the redox-sensitive element is unknown; however, three cysteine residues located in a cluster at the N terminus and a fourth cysteine near the center of FNR are essential for the anaerobic response (7, 8) . These occur at positions 20, 23, 29, and 122 one-third of the activity exhibited by the wild-type protein under anaerobic conditions. This FNR* protein contains three mutations in the N-terminal domain: two amino acid substitutions, Asp-22-->Ser and Gln-27->Arg, plus the insertion of a serine after position 17. For protein overproduction, the fnrlS2 structural gene was cloned into the expression vector pET3a (14) . A Nde I restriction site was introduced by site-directed mutagenesis (15) at the initiator methionine codon for fnrl52. The Nde I-BamHl fragment containing the complete fnr coding sequence was cloned into the Nde I/BamHI-cut pET3a vector to give plasmid pETFNR152. This placed thefnr structural gene downstream from the flO promoter, a T7 polymerasetranscribed promoter present in the plasmid vector (14 sured by the method of Bradford (21), with BSA as the standard, and the total amino acid composition of the protein.
In three different preparations of purified FNR152, the Bradford assay consistently overestimated the amount of protein by a factor of 1.78 compared to the total amino acid determination. For this reason, routine protein determinations were done with the Bradford assay and the 1.78-fold correction factor was applied for subsequent calculation of FNR concentration. Total Fe content of anaerobic FNR152 protein was measured by using 1,10-phenanthroline, as described (22) . The iron content in the air-exposed FNR protein was not measured due to difficulty in separating bound from free iron.
RESULTS
FNR152 Purification and Characterization. To detect FNR binding to DNA, a Rsa I protection assay was developed to follow FNR activity over the course of its purification (Fig. 1) . The assay was based on the ability of FNR to recognize and bind a consensus FNR recognition site: this prevents access of Rsa I to its recognition site located between the left and right FNR half-sites. One mutant protein, FNR152, showed specific binding at the FNR consensus site under anaerobic conditions (Fig. 1B) (Fig. 1B) (24) . FNR152 protein protected a 25-bp region of DNA from positions -55 to -31 relative to the start site of narK transcription (Fig. 3A) . The size of the protected area and the fact that the FNR consensus site exhibits dyad symmetry again suggests that two FNR152 monomers are bound to the site, as was observed with the synthetic consensus FNR binding site (Fig. 2) . Enhanced sensitivity to DNase I cutting was also observed at several bases located 5' of the FNR-protected region, which suggests that FNR alters the topology of the DNA, possibly by bending it.
DNase I protection was also observed at the narG promoter of the nitrate reductase operon (Fig. 3B) Numbering of the DNA is relative to the start of transcription. the predicted FNR site at the dmsA promoter differs by one base from the consensus FNR-binding site (Fig. 4) .
Transcription from the hemA promoter is modestly repressed by the FNR protein during anaerobic cell growth conditions (3). Interestingly, this promoter contains a FNR half-site only (Fig. 4) . The FNR152 protein was able to protect this region of the hemA promoter region from DNase I cutting (Fig. 5) : under the same conditions used for footprinting at the other FNR-activated genes, a 12-bp region was protected within the hemA promoter from positions -24 to -35 relative to the start site of transcription. In addition, a single base, at position -17, also was protected (Fig. 5 ). As seen with the narK and narG promoters, several sites of enhanced DNase I activity were seen immediately adjacent to the FNR protected region that is suggestive of DNA bending.
Based on the amount of FNR protein required to give a 50% protection from DNase I cleavage in the footprinting experiments, the relative affinities of FNR152 for the three promoters appears to differ only slightly from one another. By assuming that the FNR152 protein binds to DNA as a dimer, the Kd values for FNR binding at the three promoters are 3 x u0-7 M for narK, <2 x 10-7 M for narG where complete protection was seen at a concentration of 2 x 10-7 M, and 6 X 10-7 M for hemrA. These binding values are in good agreement with that determined with the Rsa I protection assay, 6 x 10-7 M (Fig. 1B) .
DISCUSSION
A mutant FNR protein, designated FNR152, that exhibited the ability to bind DNA in an oxygen-sensitive manner was overproduced and purified to near homogeneity. Under aerobic conditions (i.e., after exposure to air), the binding affinity of purified FNR152 for the synthetic FNR consensus site was decreased by about 8-fold compared to the binding under anaerobic conditions (Figs. 1 and 2 ). The maintenance of oxygen-sensitive DNA binding is apparently due to the rigorously anaerobic conditions used during the purification of the FNR152 protein, since even brief exposure to air at any step of the purification resulted in an irreversible loss of DNA binding activity (data not shown). We were unable to purify the wild-type FNR protein in an active form by using the protocols described here, and thus, could not test its DNA binding properties in vitro. The molecular basis for the loss of DNA binding by the FNR152 protein after exposure to air has not yet been determined. Attempts to restore activity by the addition of several different reducing agents was unsuccessful. In vivo, the triple mutant FNR152 protein retains the ability to detect the aerobic vs. anaerobic state (Table 1 ). It appears to have an increased tolerance during aerobic cell growth (e.g., oxygen or redox potential), while it is still fully active under anaerobic conditions. The FNR152 protein does not bind DNA in a constitutive manner as shown by the results of the in vivo and in vitro experiments presented here.
The purified FNR152 protein binds at the proposed FNR recognition sites of several FNR-regulated promoters with high specificity and affinity (Figs. 3 and 5 ). These sites include two FNR-activated promoters, narK and narG, and a FNRrepressed promoter, hemA. Comparison of the FNR-activated promoters reveals a 22-bp region of protected DNA that is centered at position -42 relative to the start sites of transcription (Fig. 4) (9) reported that the wild-type FNR (Fig. 6A) . Whether the second monomer +40.
,--Proc. Natl. Acad. Sci. USA 93 (1996) should provide a biochemical understanding concerning the action of this highly conserved regulatory protein.
